Previous studies have demonstrated that bone morphogenetic proteins (BMPs) activate the Smad1 signaling pathway to regulate cell determination and differentiation in the embryonic nervous system. Studies examining gene and protein expression in the rat cerebellum suggest that this pathway also regulates postnatal differentiation. Using microarrays, we found that Smad1 mRNA expression in the cerebellum increases transiently at postnatal day 6 (P6). Immunohistochemistry and Western blots showed that Smad1 and BMP4 proteins are present in the cerebellum, and that their expression also changes postnatally. The proteins are detectable at P4 -P6, a stage at which most cerebellar cells reside in the external germinal layer (EGL), where they extensively differentiate. The levels become maximal at P8 -P10, when neurons begin to migrate from the EGL into their mature positions in the internal granule layer. In cerebellar cultures prepared at P6 or P10, BMP4 activates Smad1 signaling to modulate cell differentiation. Brief BMP4 application caused Smad1 translocation from the neuronal cytoplasm into the nucleus, where it is known to regulate transcription in association with Smad4. Longer BMP4 treatment promoted the differentiation of both neuronal and non-neuronal cells. By 3 d, neuronal processes appeared more fasciculated, and the level of synaptotagmin, a protein found in synaptic vesicles, increased. In addition, many astroglial cells became more branched and stellate in morphology. The BMP-induced changes were reduced by treatment with antisense oligonucleotides to Smad1 or Smad4. These findings in vivo and in culture suggest that BMP4 and Smad1 signaling participate in regulating postnatal cerebellar differentiation.
Introduction
The rodent cerebellum offers a model system for examining postnatal differentiation because it develops extensively during the first 3 weeks of life (Altman and Bayer, 1997) . In the first postnatal week, granule neuron precursors in the external germinal layer (EGL) of the cerebellar cortex proliferate. As the neurons differentiate, they move into an inner zone of the EGL and then begin to migrate to their mature positions in the internal granule cell layer (IGL) during the second postnatal week. By the end of the third week, migration is complete, and the EGL ceases to exist. The fact that cells can be prepared from the EGL (Raetzman and Siegel, 1999) greatly facilitates analysis of the molecular steps underlying cell migration and differentiation. Recent studies have demonstrated that the potential of these neurons to differentiate in culture is dependent on the age at which they are prepared (Behringer et al., 1996; Raetzman and Siegel, 1999) . The ability of the cells to express some GABA A receptor subunits is particularly striking. When cultures are prepared between postnatal day 2 (P2) and P6, the mRNAs encoding the GABA A receptor ␤ 2 and ␥ 2 subunits are expressed at low and constant levels. In contrast, transcript levels rise severalfold over time in cultures prepared at P8 -P10, a pattern similar to that observed in vivo. These age-dependent differences in the capacity of EGL cells to express receptor subunits presumably result from the alterations in gene expression and signaling that occur during cerebellar development.
Although EGL differentiation has been well characterized, much less is known about the genes that govern this process (Goldowitz and Hamre, 1998; Dahmane and Ruiz-i-Altaba, 1999; Bhatt et al., 2000) . To search for the genes involved in this process, microarray assays were performed using cerebellar cells prepared at P4, P6, P8, and P10. One temporally regulated gene identified using this approach was Smad1. SMAD proteins are known to transduce the actions of proteins of the transforming growth factor-␤ (TGF-␤) family, a large family that includes the TGF-␤s, activin, and bone morphogenetic proteins (BMPs). Smad1, an intracellular protein, is activated by BMP binding to receptors on the cell surface (Kingsley, 1994; Heldin et al., 1997; Wrana and Attisano, 2000) . After receptor activation, Smad1 becomes phosphorylated and associates with Smad4. The complex is then translocated into the nucleus, where it is incorporated into a transcriptional unit that modulates gene expression (Massague et al., 2000) . This signaling pathway has been implicated in the regulation of cell determination, differentiation, and morphogenesis during embryogenesis (Kingsley, 1994; Hogan, 1996) .
To examine the role of BMP and Smad1 in the postnatal differentiation of the cerebellum, studies were performed in vivo and in culture. These studies demonstrate that Smad1 and BMP4 are expressed in the cerebellum in vivo, and that their levels increase transiently during early postnatal ontogeny. In addition, BMP4 promotes differentiation via Smad1 signaling in cultures enriched in cells from the EGL. Brief treatment with BMP4 induces Smad1 translocation from the cytoplasm into the nuclei of neurons; longer applications promote neuronal and nonneuronal cell differentiation. These studies demonstrate the importance of this signaling pathway in regulating cerebellar cell differentiation.
Materials and Methods

Microarrays
Dissociated cells were prepared from rat (Sprague Dawley; Zivic-Miller Laboratories, Zelienople, PA) cerebella at P4, P6, P8, and P10 using the cell culture protocol (Beattie and Siegel, 1993; Behringer et al., 1996; Gault and Siegel, 1997) (also see below). For each age, cerebellar cortices were removed from 20 to 30 animals, pooled, and digested with 0.05% trypsin for 12 min at 37°C. Preparations of freshly dissociated cells were triturated in the presence of DNase, and RNA was prepared from each sample using Trizol (Invitrogen, Grand Island, NY). Labeled cDNAs were then produced using Affymetrix (Santa Cruz, CA) protocols. Briefly, poly(A ϩ ) mRNA was isolated from the RNA samples using the Oligotex kit from Qiagen (Valencia, CA). These mRNAs were used as templates to prepare double-stranded cDNA using the Invitrogen Superscript Choice System. Biotin-labeled cRNAs were synthesized from the cDNA templates using the Ambion (Austin, TX) Megascript T7 kit with the addition of Bio-16-UTP and Bio-11-CTP (Enzo Diagnostics, Farmingdale, NY). The quality of the cRNAs was assessed by hybridization to an Affymetrix test chip containing glyceraldehyde-3-phosphate dehydrogenase, actin, and other control probes. RNA samples exhibiting the best signals on the test chip were each used for a single hybridization to Affymetrix Arrays (RG-U34). After hybridization, the arrays were washed, stained using phycoerythrin-conjugated streptavidin, and read using a Hewlett-Packard (Palo Alto, CA) scanner and Affymetrix GeneChip software.
Protein preparations and Western blot analysis
Smad1, BMP2, and BMP4 expression were examined in samples prepared from the entire cerebellum or dissociated cells from rats ranging in age from P2 to P16 and adults. The cerebellar tissue was harvested from three to six animals at each age and combined to reduce variation. Synaptotagmin and microtubule-associated protein-2 (MAP2) expression were examined in cells cultured at P6 or P10 and maintained for 4 -5 d. Extracts were prepared from the tissues or cultured cells using two procedures. First, for Smad1, synaptotagmin, or MAP, the tissues or cells were collected in buffer containing (in mM) 25 Tris-HCl, 137 NaCl, and 3 KCl, pH 7.4, and then centrifuged at 500 ϫ g for 7 min at 4°C (Kumar et al., 2001) . Cell pellets were homogenized in buffer (25 mM Tris-HCl, pH 7.4, 5 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 20 g/ml leupeptin, 0.1% aprotinin, 1 mM iodoacetamide, 200 g/ml bacitracin, and 20 g/ml soybean trypsin inhibitor) for 10 min on ice, followed by sonication for 15-20 sec. The preparations were centrifuged at 14,000 ϫ g for 30 min at 4°C; the resulting pellet was resuspended in homogenization buffer. Alternatively, BMP expression was examined in cerebellar tissue prepared by lysis in eight volumes of 1 M NaCl, 20 mM Tris, 0.5 mM EDTA, 10% glycerol, 1% NP-40, and one-tenth volume of a mammalian tissue extract protease inhibitor mixture (Sigma, St. Louis, MO). The high-salt buffer was required for extraction of the BMPs, perhaps because of their tight association with extracellular matrix molecules (Hall et al., 2002) .
For Western blots of Smad1, synaptotagmin, or MAP, 20 g of protein from each sample was separated on 12% SDS gels and then transferred to nitrocellulose membranes. The membranes were blocked with 5% nonfat dry milk in PBS containing 0.05% Tween 20 (PBST) and incubated for 3 hr at room temperature using antibodies specific for Smad1 (1:2000; Upstate Biotechnology, Lake Placid, NY), synaptotagmin 1a (1:10,000; gift from L. A. Elferink, University of Texas Medical Branch, Galveston, TX) (Elferink et al., 1993) , or MAP2 (1:1000; Chemicon International, Temecula, CA). For BMP assays, 15 g of protein was separated on 15% SDS gels and transferred to polyvinylidene difluoride membranes. After blocking, the filters were incubated overnight at 4°C with antibodies specific for BMP2 (1 g/ml; Genetics Institute, Cambridge, MA) or BMP4 (1 g/ml; R&D Systems, Minneapolis, MN) (Hall et al., 2002) . After three 10 min washes in PBST, the membranes were incubated for 1 hr at room temperature in horseradish peroxidase-conjugated speciesspecific IgGs (1:1000; Kirkegaard & Perry, Gaithersburg, MD). The membranes were then washed, and immunoreactive bands were detected using a chemiluminescent horseradish peroxidase substrate (Renaissance Western Blot Chemiluminescence Reagent Plus; NEN Life Sciences, Boston, MA) and Kodak X-OMAT film (Eastman Kodak, Rochester, NY). Pilot experiments were performed to ensure that protein loading and exposure times gave responses in the linear range. To verify protein loading, some blots were stripped and reprobed with an antibody specific for actin (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA). Relative band intensities were compared by analysis of scanned images using the NIH Image program. Similar patterns of protein expression were observed in three or four different experiments.
Tissue culture
Cultures enriched in EGL cells (Raetzman and Siegel, 1999) were prepared from the cerebella of P6 or P10 animals using the procedures described above. The dissociated cells were plated at a density of 2 ϫ 10 3 cells/mm 2 onto poly-L-lysine and laminin-coated 100 mm tissue culture plates (for Western blotting) or 24 well culture dishes containing 13 mm glass coverslips (for immunocytochemistry) in defined medium composed of neurobasal medium (Invitrogen) supplemented with B-27 (Invitrogen), 25 mM KCl, 6.0 gm/l dextrose, 2 mM glutamine, 0.1 U/ml penicillin, and 0.1 mg/ml streptomycin. To examine the short-term effects of BMP2 or BMP4, cultures maintained for 4 d were treated for 45 min with 10 ng/ml protein (R&D Systems), rinsed three times in PBS, and fixed for immunocytochemistry (see below). To examine the effects of longer BMP treatments, 1, 5, or 10 ng/ml BMP was added at plating, and the cultures were examined 3-5 d later for changes in morphology and the expression of neuronal or non-neuronal markers. In some cases, the cultures were treated with BMP4 for shorter periods, rinsed, and returned to control medium before assay. To assess cell proliferation, 10 M bromodeoxyuridine (BrdU; Roche Diagnostics, Indianapolis, IN) was added on the first day of culture, and the number of cells undergoing division was determined the following day by immunocytochemistry using an antibody against BrdU (1:100; Becton Dickinson, San Jose, CA). In addition, the relative number of neuronal and non-neuronal cells in control and BMP-treated (3 d) cultures was determined by counting cells in 25-30 randomly selected fields on two replicate coverslips. Similar results were obtained from at least three independent experiments.
To determine the importance of SMADs in BMP signaling, cultures were grown in the presence of 3.5 M antisense oligodeoxynucleotides (ODNs) to rat Smad1 or Smad4 (Genosys, The Woodlands, TX). To enhance uptake into the cells, three bases at the ends of the ODNs were modified to contain phosphorothioate bonds (Pilowsky et al., 1994) . Previous studies have demonstrated that the treatment of cerebellar cells in culture with these modified ODNs reduces the levels of targeted proteins without altering cell viability (Piedras-Renteria and Tsien, 1998; Kumar et al., 2001) . The probes had the following sequences: Smad1 ODN, 5Ј-TGAAAACAAGTGGTCA-3Ј; and SMAD4 ODN, 5Ј-CTGTGGCACATCAAACT-3Ј. Neither ODN resembles any other sequence in the GenBank database. To examine the specificity of Smad1 antisense treatments, sister cultures were incubated with the corresponding sense oligonucleotide.
Immunocytochemistry
Cell culture. Control and BMP-treated cells maintained for 1 or 4 -5 d in culture were processed for immunocytochemistry as described previously (Kumar et al., 2001 ). The cells were fixed with 4% formaldehyde in PBS for 20 min at room temperature, rinsed in PBS, and permeabilized by incubation in PBS containing 5% BSA and 0.3% Triton X-100 (dilution buffer) for 1 hr at room temperature. The cells were then incubated in dilution buffer containing antibodies specific for BrdU, Smad1 (1: 100), SMAD4 (1:100; Upstate Biotechnology), MAP2 (1:200); synaptotagmin 1a (1:10,000), GFAP (1:400; Becton Dickinson), or BMP4 (1:100) for 1 hr at room temperature. Two procedures were used to detect immunoreactive cells. In most cases, cells incubated with primary antisera were rinsed three times in PBS and then incubated with the appropriate fluorochrome-conjugated species-specific secondary antibody. To en-hance Smad1 and Smad4 immunoreactivity, some samples were incubated with primary antibodies, incubated with biotinylated speciesspecific secondary antibodies (1:300; Jackson ImmunoResearch, West Grove, PA) for 1 hr at room temperature, and then incubated with streptavidin-conjugated horseradish peroxidase for 30 min at room temperature. To detect labeled cells, the samples were processed using the Tyramide Signal Amplification (TSA-Direct) system according to the manufacturer's protocol (NEN Life Sciences). All studies were performed on cells prepared in four to six independent platings. In all studies, the specificity of staining was examined by analyzing cells incubated with only the fluorochrome-conjugated secondary antibody. Only faint background staining was observed using our conditions.
Tissue sections. Fresh cerebella were frozen on dry ice, and 10 m cryostat sections were cut and stored at Ϫ20°C until use. Frozen sections were fixed in 2% formaldehyde at 4°C for 12 min and then permeabilized in PBS containing 0.1% Triton X-100 at room temperature. To detect BMP, the sections were incubated overnight at 4°C in dilution buffer (PBS, 0.1% Triton X-100, 20% goat serum) containing mouse antihuman BMP4 (1:10; R&D Systems). The sections were rinsed in PBS containing 0.1% Triton X-100 and then incubated in biotinylated donkey anti-mouse IgG (1:250; Jackson ImmunoResearch) in buffer for 2 hr. After rinsing, the tissues were incubated in Cy3-streptavidin (1:750 in PBS) for 1 hr. To detect astroglia in the same sections, some tissues were then reacted with rabbit anti-GFAP (1:100) and FITC-conjugated goat anti-rabbit IgG (1:250). Again, only faint background staining was observed in sections incubated with the fluorochrome-conjugated secondary antibody alone.
Cell and tissue staining were examined with a Nikon (Tokyo, Japan) FX-Microphot microscope or with a Zeiss (Oberkochen, Germany) LSM 410 confocal laser scanning microscope using an argon-krypton laser (excitation lines, 488 and 568 nm) and a 100ϫ Plan-Neofluar oil objective. In experiments quantifying staining intensity, all samples were processed using the standard immunofluorescence protocol. Confocal sections (0.5 m in thickness) were taken of selected cells to localize staining in several planes. After determining the appropriate exposure times for the brightest samples, all images of control and experimental cells were collected using identical magnification and exposure times. Image intensities in the nuclei and cytoplasm of control and treated cells were then compared using the NIH Image program.
Results
Smad1 and BMP4 expression in the cerebellum increase transiently during postnatal ontogeny
Neurons from the EGL of the cerebellum exhibit age-dependent differences in their capacity to differentiate when grown in culture (Behringer et al., 1996; Raetzman and Siegel, 1999) . To begin to identify signals involved in regulating EGL differentiation, RNA samples were prepared from cerebellar cells isolated from rats at P4, P6, P8, and P10 and hybridized to a microarray that contains ϳ9000 rat genes. These studies demonstrated that 442 genes, including those encoding neurotransmitter receptors and biosynthetic enzymes, neurotrophins, signaling pathway proteins, and transcription factors, exhibited changes in expression of at least threefold over this period. Although the levels of some genes exhibited gradual increases or decreases in expression, others exhibited transient changes. In one such group (45 genes), transcript expression rose from relatively low levels at P4 to peak at P6, a time that coincides with the onset of migration of immature cells from the EGL to their adult positions in the IGL (Altman and Bayer, 1997). An mRNA of particular interest in this group encodes Smad1, a protein that mediates the actions of some of the BMPs. The BMPs, members of the TGF-␤ superfamily of secreted signaling proteins, are known to be key factors in regulating cellular determination and differentiation during embryogenesis (Hogan, 1996) . Although BMPs have been implicated in regulating granule neuron specification during embryogenesis (Alder et al., 1999) , our findings suggest that these proteins also modulate postnatal cerebellar development.
To determine whether Smad1 protein expression is temporally regulated in the cerebellum during early postnatal ontogeny, Smad1 levels were analyzed by Western blotting. These studies demonstrated that the Smad1 protein levels change during cerebellar development with a pattern similar to that found for the mRNA on the microarray. As shown in Figure 1 A, the Smad1 protein was readily detectable at P2-P4, and its expression increased approximately threefold by P7. Smad1 remained elevated at P13 but declined by P15 to a level only slightly greater than that observed in the first postnatal week. The Smad1 protein further declined in the adult cerebellum, at which time the EGL no longer exists (Altman and Bayer, 1997) . At all ages, Smad1 appeared as a doublet of ϳ57 kDa. This doublet may represent the phosphorylated and unphosphorylated forms of the protein Macias-Silva et al., 1996; Massague, 1996) .
Because Smad1 mediates the effects of BMP2 and BMP4 in vivo (Massague, 2000) , additional studies were performed to examine the developmental expression of these proteins in the cerebellum. Western blots demonstrated that the BMP2 and BMP4 proteins are expressed during early postnatal ontogeny. In samples of the entire cerebellum, the level of BMP2 appeared fairly constant at all ages examined (data not shown). In contrast, BMP4 expression (Fig. 1 B) exhibited a developmental profile similar to that of Smad1. A weak band of ϳ18 kDa, the size of fully processed BMP4 (Hogan, 1996) , was detected at P4. Its level increased approximately sixfold to become maximal at P10 and then declined slightly by P15. As with Smad1, the signal was reduced in the adult cerebellum, although its level was still at least twofold greater than that found at P4. The finding that activators of Smad1 signaling are present in the cerebellum supports the possibility that this pathway plays a role in its postnatal differentiation. As a control for sample preparation and loading, the BMP4 blot was stripped and reprobed for actin (Fig. 1 B) . In contrast to BMP4, the intensity of the actin signal varied less than twofold over the experimental time course, a reasonable change considering the extent of cerebellar development during this period.
Smad1 and the BMPs are expressed in the EGL
To investigate the possibility that the Smad1 signaling pathway functions during EGL differentiation, Smad1 and BMP4 expres- sion were examined by Western blotting using samples enriched in cells from this region (Raetzman and Siegel, 1999) . These studies demonstrated that both proteins are present in the EGL at all ages between P4 and P16 (Fig. 2) , the latest age at which cells are easily isolated from this area. However, in contrast to the dramatic developmental changes in Smad1 protein levels in the entire cerebellum, Smad1 expression in the EGL was strong at all ages (Fig. 2 A) . This apparent difference between the patterns of Smad1 protein expression in the entire cerebellum and that in the EGL presumably reflects the fact that the EGL represents a decreasing fraction of this region as the animal matures. By P21, this region ceases to exist in rodents. The pattern of BMP4 expression was similar to that of Smad1. Again, a strong BMP4 signal was found at all ages examined (Fig. 2 B) . Its level was maximal between P4 and P10 and declined slightly at P13. The fact that BMP4 expression remains strong as the EGL matures supports the possibility that it modulates differentiation in this cerebellar region. The BMP4 blot in this experiment was also stripped and reprobed for actin as a loading control. As observed above, the intensity of the actin signal showed minimal changes over the experimental time course.
The distribution of BMP4 in the cerebellum was examined by immunohistochemistry. These studies demonstrated that BMP4 immunoreactivity was present within many cell populations in P6 (data not shown) and P10 (Fig. 3) cerebella. Within the EGL, BMP4 staining was punctate and appeared to surround cell bodies (Fig. 3B) . This pattern could correspond to perikaryal staining of cells within the EGL or to neuronal processes in contact with cells in this region. In addition to the staining in the EGL, virtually all Purkinje neuron cell bodies and axons were positive for BMP4 (Fig. 3A) . Finally, intense BMP4 staining was observed in whitematter fiber tracts within the cerebellum (Fig. 3D) .
BMP4 distribution in cerebellar cells was also characterized by costaining sections for GFAP, a marker of astroglia. These studies demonstrated that there was little overlap between the distribution of these two markers. Within the EGL, BMP staining was absent from radially arrayed Bergmann glial cells that were intensely GFAP immunoreactive (Fig. 3, B vs C) . Moreover, although the white-matter tracts were intensely positive for BMP4 and GFAP (Fig. 3, D vs E) , few fibers appeared to be costained for both markers. Instead, the white-matter staining most likely arises from Purkinje neuron axonal processes in this region.
These immunohistochemical findings support the importance of BMP signaling in postnatal cerebellar differentiation.
BMP4 alters Smad1 distribution in granule neurons in culture
To learn how Smad1 signaling might function in postnatal differentiation, the effects of BMP on cerebellar cultures prepared at P6 and P10 were examined. Previous studies have shown that these cultures contain cells derived primarily from the EGL (Raetzman and Siegel, 1999) . Although a majority of the cells in these cultures are neurons, as many as 10% are non-neuronal (Behringer et al., 1996) . Initial immunohistochemical studies demonstrated that BMP4 and Smad1 are expressed by the cells in culture. Staining for both proteins was detected throughout the cell bodies and processes of virtually all neurons, and small clumps of Smad1-like immunoreactivity were also detected in some nuclei (Fig. 4 A,C) . In addition to the neurons, BMP4 and Smad1 staining of lower intensity was found in the cytoplasm of some non-neuronal cells (data not shown). These cells also exhibited nuclear patches of Smad1 immunoreactivity.
Treatment of cultures prepared at either P6 or P10 with BMP4 activated Smad1 translocation and signaling. Although much of the Smad1 staining was found in the cytoplasm of neurons in control conditions (Fig. 4 A,C) , the addition of 10 ng/ml BMP4 to cultures for 45 min increased Smad1 staining in nuclei (Fig.  4 B,D) . Furthermore, the number and size of the nuclear Smad1 immunoreactive patches increased. Quantification of these changes in neurons demonstrated that the intensity of the nuclear staining rose at least 40%. The mean pixel intensity over nuclei increased from 54.4 Ϯ 2.4 (mean Ϯ SEM; n ϭ 28) in control cells to 75.5 Ϯ 3.3 (n ϭ 39; p Ͻ 0.001) in the treated cells. Moreover, the fraction of cellular immunoreactivity found over nuclei showed a 30% increase (73 Ϯ 2% in treated cells compared with 57 Ϯ 2% in control cells; p Ͻ 0.0001). These findings indicate that cerebellar granule neurons in culture can respond to BMP4 via Smad1 signaling. BMP4 treatment also caused a 25% increase in the total Smad1 immunoreactivity, which may be attributable to a change in the accessibility of Smad1 to antibody.
Previous studies have shown that Smad1 associates with Smad4 (Massague, 1996; Heldin et al., 1997) and forms a transcriptional complex within the nucleus after BMP receptor activation. To determine whether this pathway might function in cultured cerebellar cells, immunocytochemical studies were performed to examine Smad4 distribution. These studies demonstrated that intense Smad4-like immunoreactivity was present in virtually all cells prepared at P6 (Fig. 5A,C) or P10 (data not shown). In contrast to Smad1, most of the Smad4 staining was found in the nuclei of control cells (Fig. 5A,C) . Moreover, BMP4 treatment caused only an 8% increase in the fraction of total immunoreactivity found over the nucleus (96 Ϯ 2% in treated cells compared with 89 Ϯ 2% in control cells; p Ͻ 0.02).
BMP4 promotes neuronal cell differentiation in cerebellar cell cultures
The morphology of both the neuronal and non-neuronal cells in culture was altered by prolonged treatment with BMP4. In control cultures maintained for 4 -5 d, the granule neurons exhibited a network of fibers visualized by staining for MAP (Fig. 6 A) . After treatment with 10 ng/ml BMP4 for 2-3 d, the cell morphology was prominently altered (Fig. 6 B) . MAP staining became more intense, and the neuronal processes were thicker and appeared more fasciculated. Additional studies demonstrated that these effects were dose-dependent. Although the MAP staining in cultures treated with 1 ng/ml BMP4 was similar to that found in controls, neuronal morphology was slightly altered by treatment with 5 mg/ml. These morphological alterations occurred in the absence of neuronal proliferation or changes in cell number. Fewer than 2% of the neurons in the control (Beattie and Siegel, 1993) or BMP-treated cultures incorporated BrdU, and the neuronal cell number in all cultures was virtually identical at the end of the experimental time course (42.9 Ϯ 2.2 vs 41.8 Ϯ 2.0 cells/ field; n ϭ 30 fields for each condition). Finally, the induction of neuronal maturation was specific to activators of the Smad1 signaling pathway. Treatment of the cultures with other TGF-␤ family members (TGF-␤1 and TGF-␤3) had no effect on neuronal morphology (data not shown).
The BMP-induced changes in neuronal morphology were accompanied by biochemical changes indicative of differentiation. Treatment with BMP4 (10 ng/ml) for 3-4 d caused a 40% increase in the level of the MAP protein as detected by Western blotting (Fig. 6C ). This finding is consistent with the observed increases in the intensity of MAP staining and apparent fasciculation of the neuronal processes. Similarly, BMP treatment induced an increase in the level of another marker of neuronal differentiation, synaptotagmin 1a, a synaptic vesicle protein (Fig.  6C ). This increase in synaptotagmin expression raises the possibility that BMP induces synaptogenesis in cell culture and can promote synaptic specialization in the cerebellum.
BMP4 enhances astroglial cell differentiation in cerebellar cultures
In addition to the alterations in neuronal morphology, BMP induced the differentiation of GFAP-immunoreactive astroglial cells in a dose-dependent manner. In control cultures maintained for 5 d, most GFAP-positive cells were radial in morphology; they typically had five unbranched processes that extended beyond a single field of view (Fig. 7A) . After a 3 d treatment with 5 (Fig. 7C) or 10 (Fig. 7D ) ng/ml BMP4, the GFAP-positive cell processes became shorter and branched. This stellate morphology is typical of more differentiated astrocytes. In fact, a brief exposure to BMP was sufficient to induce this change. Intricately branched astroglial cells were found in cultures treated with BMP for only 1 d and maintained in control medium for an additional 2 d (data not shown). Induction of the stellate morphology occurred in the absence of obvious changes in non-neuronal cell proliferation or number (34.6 Ϯ 1.6 vs 36.2 Ϯ 1.5 GFAP-positive cells/field; n ϭ 30 fields for each condition), suggesting that BMP can promote astroglial cell differentiation.
Smad1 antisense ODN treatment reduces the effects of BMP4
To demonstrate that the BMP-induced changes in neuronal and non-neuronal cell differentiation were mediated via the Smad1 signaling pathway, the effects of reducing Smad1 or Smad4 levels using antisense ODNs were investigated. Because BMP treatment produced such marked alterations in non-neuronal cell morphology, the effects of the ODNs on this cell population are shown (Fig. 8) . Western blots demonstrated that the addition of a 3.5 M concentration of the antisense Smad1 ODN to cultures for 3 d reduced the level of the targeted protein by 40% (Fig. 8 E) . However, neither astroglial cell number nor morphology were affected by the antisense ODN (Fig. 8, compare A and B) or the corresponding sense ODN (data not shown). In contrast, the antisense ODN prevented the effects of BMP4 on non-neuronal cell morphology. Although BMP4 treatment (10 ng/ml for 3 d) dramatically induced non-neuronal cell branching (Fig. 8C) , little branching was observed when BMP4 was added together with antisense ODNs to Smad1 (Fig. 8 D) or Smad4 (data not shown). The morphology of the ODN/BMP-treated cells (Fig. 8 D) appeared similar to that of cells in control cultures (Fig. 8 A) . This finding supports the importance of Smad1 signaling in promoting the BMP-induced effects.
Discussion
The cerebellum provides an ideal system for examining molecular mechanisms underlying the process of postnatal neuronal differentiation. In rodents, this region differentiates extensively during the first 3 weeks postnatally, and the properties of its component cells are well characterized. Using microarrays, an approach that allows detailed analysis of gene expression (Geschwind et al., 2001) , we found that the Smad1 transcript rises transiently at P6 and declines by P8. Our study extends an earlier microarray analysis of the entire cerebellum (Matoba et al., 2000) to demonstrate that changes in gene expression can be identified at closely spaced temporal intervals and at specific postnatal ages. Analysis of these changes in the context of the known process of cerebellar development provides insights into signaling pathways involved in differentiation.
The potential importance of Smad1 signaling in modulating postnatal cerebellar development is supported by several findings in vivo and in culture. First, our studies in vivo demonstrate that Smad1 is intensely expressed in the EGL, a region that differentiates extensively during the first 3 weeks of postnatal ontogeny. Although previous studies have demonstrated that Smad1 is expressed in many embryonic and adult tissues (Huang et al., 2000; Flanders et al., 2001) , ours is the first to show that it is expressed in the postnatal cerebellum. Second, our studies demonstrate that BMP2 and BMP4, activators of the Smad1 signaling pathway, are also present in the EGL. The pattern of BMP4 expression is similar to that of Smad1, and it remains strong in this region at all stages examined.
The functional significance of the BMPs and the Smad1 signaling pathway in the cerebellum is supported by several other findings. Studies both in vivo and in culture indicate that receptors mediating the effects of BMP exist in the cerebellum. These studies have demonstrated that mRNAs encoding type Ia and type II BMP receptors are expressed in Purkinje neurons in vivo (Zhang et al., 1998) . Similarly, mRNAs encoding the BMP type Ia and Activin I (data not shown) as well as BMP type II (Yabe et al., 2002) receptors exist in cerebellar granule cell cultures. Finally, our studies in culture demonstrate that the BMPs can induce neuronal and non-neuronal cell differentiation in a dosedependent manner. The fact that these effects are reduced by Smad1 or Smad4 antisense ODNs further implicates the importance of this pathway in the differentiation of both cell populations.
In conjunction with previous studies, our findings suggest that BMPs and related factors function at multiple stages of cerebellar development. Studies on mouse embryos demonstrated that BMP6, BMP7, and growth and differentiation factor 7 are expressed over or around the rhombic lip, the region from which cerebellar granule neuron precursors are derived (Alder et al., 1999) . Treatment of neural plate explants prepared from mice at embryonic day 8.5 (E8.5) with these factors induced expression of markers characteristic of granule neuron progenitors. This effect was transient and limited to a 24 -48 hr period. These findings implicate the importance of BMPs in regulating cerebellar cell determination during embryogenesis. The possibility that BMP6 and BMP7 also act postnatally is suggested by the fact that mRNAs encoding these proteins exist in cultures of granule neurons prepared at P8. Although the application of either BMP6 or BMP7 to P8 cultures has been shown to enhance neuronal survival, only BMP6 promotes neurite outgrowth (Yabe et al., 2002) . A role for BMPs in cerebellar ontogeny is also supported by our finding that the BMP2 and BMP4 proteins are expressed postnatally in this brain region. These findings, along with the effects of these proteins on cells in culture, suggest that the BMPs can modulate cerebellar cell differentiation.
Our data showing that the BMPs can promote both neuronal and astroglial cell differentiation are consistent with previous studies demonstrating that BMPs play multiple roles in development (Mehler et al., 1997) . Other studies have found that the effects of BMPs can be age and tissue dependent (Grinspan et al., 2000; Mehler et al., 2000) . Although BMP promoted both neuronal and astroglial differentiation when applied to cultures of cortical cells plated at E16, BMP2 induced neuronal cell death at earlier ages (Mabie et al., 1999) . In other studies, it has been shown that the BMPs can selectively promote the differentiation of either neuronal or non-neuronal cells. For example, BMPs trigger neuronal differentiation in cultures prepared from precursors in the ventricular zone at E12-E13 (Li et al., 1998) . In cultures of sympathetic neurons, BMP treatment can induce dendritic outgrowth (Lein et al., 1995) and promote synaptotagmin I expression (Patzke et al., 2001) , changes consistent with our findings. Brief treatment with BMPs can also induce cultures of neural precursor cells from embryonic mice (Nakashima et al., 2001) or oligodendrocytes from newborn rats (Grinspan et al., 2000) to differentiate into astrocytes. Many of these BMP-treated astrocytes have extensively branched processes, a morphology similar to that found in the cerebellar cultures.
In cerebellar cultures plated at P6 or P10, exogenous BMP4 promoted neuronal and astroglial cell differentiation. Because the neuronal and non-neuronal cells express components of the Smad1 signaling pathway, it is possible that BMP directly activates this signaling pathway both in neurons [as found by Guo et al. (2001) ] and in astrocytes. However, the possibility that BMP acts indirectly cannot be ruled out. For example, BMP4-induced Smad1 signaling in neurons might induce the release of a factor that promotes astroglial differentiation or vice versa. To test the sequence of effects of BMP4, it will be necessary to perform studies on pure cultures of either neuronal or non-neuronal cells. Additional studies will be necessary to determine whether BMP4 promotes granule neuron differentiation in an autocrine or paracrine manner in vivo. To begin to address these issues, culture conditions are being established to examine signaling cascades in different cell populations. Although our data suggest that Smad1 signaling plays a role in cerebellar differentiation, its exact function in this process remains to be determined. The fact that the peak of Smad1 expression in the cerebellum coincides with extensive migration of granule neurons into the IGL raises the possibility that Smad1 plays a role in this process. However, because Smad1 is expressed in the EGL at earlier ages, our studies do not rule out the possibility that Smad1 functions in multiple processes that occur during cellular differentiation. These issues cannot yet be addressed in Smad1-and BMP4-deficient mice, because these animals are developmentally retarded and usually die by E10.5 (Tremblay et al., 2001 ) and E6.5-E9.5 (Winnier et al., 1995) , respectively. Answers to these questions require the construction of animals in which expression of the Smad1 or BMP4 gene can be selectively regulated at specific times and in known cell populations.
A number of recent studies have shown that cerebellar differentiation is marked by stage-specific changes in gene expression. In the outer zone of the EGL, proliferating neurons express Math1 (Akazawa et al., 1995; Ben-Arie et al., 1997) , Cyclin D2 (Ross et al., 1996) , Zic (Aruga et al., 1998) , and Notch2 (Solecki et al., 2001) . After migration into the inner zone of the EGL, the cells express TAG-1 (Furley et al., 1990) , NeuroD (Miyata et al., 1999) , and p27/Kip1 (Miyazawa et al., 2000) . Our findings indicate that BMP2 and BMP4, secreted factors that activate the Smad1 pathway, also play a role in postnatal development. A more complete understanding of cerebellar differentiation awaits knowledge of the interactions between the Smad1 signaling cascade and other pathways involved in maturation.
